Jahan-mihan A, Smith CE, Anderson GH. Effect of protein source in diets fed during gestation and lactation on food intake regulation in male offspring of Wistar rats. Am J Physiol Regul Integr Comp Physiol 300: R1175-R1184, 2011. First published February 16, 2011 doi:10.1152/ajpregu.00744.2010.-We hypothesized that protein source in the nutritionally adequate AIN-93G diets fed during gestation, lactation, and weaning influences food intake (FI) regulation in male offspring of Wistar rats. Pregnant rats were fed the recommended casein-based (C) or soy protein-based (S) diet during gestation (experiment 1) or during gestation and lactation (experiment 2). Pups (n ϭ 12 per group) weaned to C or S diets were followed for 9 wk (experiment 1) or 14 wk (experiment 2). At termination, body weight was 5.4% and 9.4% higher, respectively, in offspring of dams fed the S diet. Altered FI regulation was shown by failure of devazepide (a CCK-A receptor blocker) to block FI reduction after protein preloads in offspring of S diet-fed dams, whereas it had a strong effect on offspring of C diet-fed dams (P Ͻ 0.005). Similarly, naloxone (an opioid receptor blocker) blocked FI reduction more after casein than after soy protein preloads (P Ͻ 0.01). In experiment 2, offspring of dams fed the S diet had higher hypothalamic gene expression of agouti related protein at weaning (P Ͻ 0.05), and higher FI was found throughout postweaning (P Ͻ 0.0001). FI reduction after protein preloads at week 7 and after glucose preloads at week 13 was greater in offspring of C diet-fed dams (P Ͻ 0.05). Plasma insulin at weaning and insulin, ghrelin, and glucagon-like peptide-1 at week 15 were higher in offspring of S diet-fed dams (all P Ͻ 0.05). In conclusion, nutritionally complete C and S diets consumed during gestation and lactation differ in their effects on body weight and FI regulation in the offspring. Extending the diet from gestation alone to throughout gestation and lactation exaggerated the adverse effects of the S diet. However, the diet consumed postweaning had little effect on the outcome.
protein; food intake; body weight; programming NUMEROUS EPIDEMIOLOGICAL and experimental studies indicate that programming of obesity and related disorders is associated with alterations in food intake regulation (36, 46) . In animal models, it is clear that undernutrition (48) and overnutrition (28) during gestation result in higher food intake in the offspring. Moreover, it has been suggested that obesity in the offspring is due to in utero programming of food intake regulatory systems and that hyperphagia is an underlying cause of obesity (1, 48) . These effects of malnutrition may have an origin in their effect on programming of postnatal appetite (32) . Development of intake regulatory systems in the gastrointestinal (GI) tract and hypothalamus in rodents occurs primarily during late gestation and early postnatal life (26, 41) .
Several studies have associated alterations in hypothalamic regulation of food intake with increased weight gain due to maternal diets. Malnutrition (50% diet restriction) during gestation results in higher food intake and body weight (BW) associated with higher hypothalamic mRNA expression of the leptin receptor OB-Rb in offspring of mice (25) . Rats born to dams fed high-vitamin diets become obese and have higher food intake associated with higher mRNA expression of the hypothalamic orexigenic peptide agouti-related protein (AgRP) and plasma insulin (45) . Similarly, rats born to dams fed a high-fat diet during gestation had higher BW and energy intake and, concomitantly, higher hypothalamic mRNA expression of leptin receptor, proopiomelanocortin (POMC), and neuropeptide Y (NPY) (33) . In addition, the protein content of maternal diets has also been shown to affect food intake regulation in the offspring. A high-protein diet during gestation resulted in higher BW in the offspring (49) , which was associated with increased food efficiency (46) and lower energy expenditure (2, 8) . Low-protein diets (9% protein) fed to rats during gestation and lactation also have been reported to lead to higher food intake (1) in adulthood and also to provoke hypoinsulinemia and increased NPY levels in the arcuate nucleus, paraventricular nucleus, and lateral hypothalamic area (36) . Moreover, after 7 days on a low-protein diet (10% protein), male rats had higher food intake and, concomitantly, increased hypothalamic AgRP mRNA levels compared with controls fed a 20% protein diet (27) .
Although low-and high-protein diets fed during gestation and lactation affect food intake and BW in the offspring, the role of protein source and composition in nutritionally complete diets consumed during gestation has not been reported. In addition to providing for the requirement for adequate and balanced amounts of essential amino acids for protein synthesis, amino acids have potential to elicit significant effects on development through additional actions (6, 19, 23, 34, 39) . Because of the effects of individual amino acids on regulatory systems (7, 21, 26, 34, 39) , malnutrition is not the only prerequisite for the effects of proteins and amino acids in maternal diets on development in the offspring. Therefore, it is possible that protein source and amino acid composition of nutritionally complete maternal diets affect development of food intake regulatory systems of the offspring.
BW, body fat, insulin resistance, and blood pressure were higher in offspring of rats fed nutritionally complete soy protein-than casein-based diets during gestation and lactation (unpublished observations). Because many of the characteristics of the metabolic syndrome are associated with increased food intake, it can be suggested that the S diet adversely affected development of food intake regulatory systems.
Therefore, the primary objective of this study was to test the hypothesis that nutritionally complete diets (40) differing in protein sources and fed during gestation alone or during gestation and lactation differ in their effects on the regulation of food intake in the offspring. Therefore, Wistar rat dams were fed the AIN-93G soy protein-or casein-based diet. However, because the predictive adaptive response (PAR) hypothesis suggests that the effect of the maternal diet on the offspring is reduced if the diet of the offspring is similar to that of the dams, two groups of offspring from both maternal groups were fed the soy protein-or casein-based diet. Therefore, a secondary objective was to determine the effect of protein composition of the weaning diet on the consequences of the dams' diets on food intake regulation in the offspring.
MATERIALS AND METHODS

Animals and Diets
First-time-pregnant Wistar rats (Charles River, St. Constant, QC, Canada) were received at day 3 of gestation and housed individually in ventilated plastic transparent cages with bedding at 22 Ϯ 1°C in a 12:12-h light-dark cycle (lights off from 2200 to 1000). At weaning, rat offspring were housed individually in ventilated plastic transparent cages with bedding. The powdered diets were provided ad libitum in stainless steel cups with a mesh disk insert to reduce spillage. All rats had free access to water throughout the experiments.
The casein (C) diet contained (in g/kg) 200.0 casein, 529.4 cornstarch, 100.1 sucrose, 70.0 soybean oil, 50.0 cellulose, 10.0 vitamin mixture, 35.0 mineral mixture, 3.0 cystine, 2.5 choline bitartrate, and 0.014 tert-butylhydroquinone; 2.54 methionine and 2.54 cystine were added to the AIN-93G soy protein diet, and 3.0 cystine was added to the casein diet, as recommended (40) .
Amino acid content of the C and S diets as fed is shown in Table 1 . Cornstarch, high-protein (87%) casein, and cellulose were purchased from Harlan Teklad (Madison, WI). The vitamin and mineral mixtures, cystine, methionine, choline bitartrate, and tert-butylhydroquinone were purchased from Dyets (Bethlehem, PA), sucrose from Allied Food Service (Toronto, ON, Canada), and soybean oil from Loblaws (Toronto, ON, Canada).
Genistein, daidzein, and glycitein content (g/g) of the soy protein diet was 36.1, 31.3 and 4.4, respectively.
The protocol was approved by the University of Toronto Animal Care Committee, and care and maintenance of the animals conformed to the guidelines of the Canadian Council on Animal Care.
Design
Two experiments were conducted. The C and S diets were fed to the dams during gestation alone (experiment 1) or during gestation and lactation (experiment 2). To test the PAR hypothesis, the male pups from both dam diet groups were randomized to the C or S diet. In experiment 1, the effect of the C and S diets fed to the dams during gestation alone and to the pups on food intake, intake regulatory hormones, and satiety signaling via CCK-A and peripheral opioid receptors was studied to week 9 postweaning. In experiment 2, the effect of the C and S diets fed to the dams during gestation and lactation and also to pups to week 15 postweaning on intake regulation was studied. The rationale for feeding the dams throughout gestation and lactation was twofold: 1) in most studies of the effect of maternal nutrition on the offspring, test diets are fed throughout gestation and lactation; and 2) development of intake regulatory systems in the GI tract and hypothalamus in rodents continues into early postnatal life (26, 41) . The duration of the study in experiment 2 was extended to examine the effects of the diets until week 15 postweaning, when the offspring had reached adulthood.
Experiment 1: Effect of Protein Source in the Diet of Dams During Gestation and in Diets Fed to the Pups on Food Intake Regulation in Male Offspring of Wistar Rats
In experiment 1a, the effect of gestational diet on cumulative food intake to week 4 and 1-h food intake at week 6 in response to protein preloads in the offspring was examined. In experiment 1b, the effect of gestational diet on 1-h food intake at weeks 6 and 7 in response to protein preloads with or without CCK-A and peripheral opioid receptor blockers was examined. Food and water were provided ad libitum to week 5. At week 5, to adapt rats to the procedure of 1-h food intake measurement after an overnight fast in response to the preloads, food was provided only during dark periods (12 h/day), and cumulative food intake measurement was ceased.
Pregnant rats (n ϭ 15 per group) were fed the C or S diet during gestation and received only the C diet during lactation. Litters were culled to 10 at birth. At weaning (day 21), one male offspring from each mother in each diet group was assigned to the C or S diet (n ϭ 12 per group, experiment 1a) or the C diet (n ϭ 15 per group, experiment 1b) for 9 wk. BW was measured at birth, at weaning, and at the end of study.
Experiment 2: Effect of Protein Source in the Dams' (Gestation and Lactation) and Pups' Diets on Food Intake Regulation in Offspring and in Dams of Wistar Rats
Pregnant rats (n ϭ 12 per group) were fed the C or S diet during gestation and lactation. At birth, litters were culled to 10 pups for each mother. At weaning, day 21, one male from each mother in each maternal diet group was assigned to the C or S weaning diet (n ϭ 12 per group). Additional pups were killed, and intake regulatory hormones were measured (n ϭ 6 per group) at weaning. Offspring were followed for 14 wk. BW was measured at birth, at weaning, and at the end of the study. Rats had access to food during dark periods (12 h/day), and food intake in the offspring was measured weekly throughout the study. Food intake (1 h) after an overnight fast was measured in response to water and protein preloads at week 7 and in response to water and glucose preloads at week 13.
Trunk blood of fetuses (n ϭ 5-6) at day 20 of gestation in experiment 2 and pups (n ϭ 5-6) at birth in experiments 1 and 2 from each dams' diet group was obtained by pooling (n ϭ 3-4 per sample) Values (g/kg diet) are totals of the addition plus the bound amino acids. Amino acid content of the diets is calculated on the basis of purity of the protein sources (87% and 90% for casein and soy protein, respectively). Cystine was added to casein (3 g/kg diet) and soy protein (2.54 g/kg diet) diets; methionine was added to soy protein diet (2.54 g/kg diet). Isolated soy protein diet was obtained from Dyets; micellar casein diet was obtained from Harlan Teklad.
to attain blood volume sufficient for hormonal assays. Pups (n ϭ 12 per group) were killed by decapitation after an overnight fast at week 9 in experiment 1 and at weaning and at week 15 postweaning in experiment 2. Blood concentrations of insulin, glucagon-like peptide-1 (GLP-1), ghrelin, and peptide YY (PYY) were measured. Hypothalamus at birth and at weaning was extracted, and relative mRNA expression of POMC, leptin receptor, NPY, and AgRP was measured.
Preloads. Micellar casein was obtained from American Casein (Burlington, NJ) and isolated soy protein from General Nutrition Products (Greenville, SC). Each rat received protein at 3 g·kg BW Ϫ1 ·6 ml distilled water Ϫ1 by gavage. Each rat received glucose (EMD, Gibbstown, NJ) at 3 g·kg BW Ϫ1 ·6 ml distilled water Ϫ1 by gavage. The control preload was 6 ml of distilled water.
Receptor Blockers
Devazepide (donated by ML Laboratories, London, UK) was suspended in methyl cellulose (BDH Toronto, Toronto, ON, Canada) (37) . The METHOCEL solution was prepared by addition of 0.25 of methyl cellulose powder to 100 g of hot (80°C) deionized water; the solution was stirred for 1 min and allowed to chill to 5°C for 2-3 h. The solution was stirred every 0.5 h until it was clear with no visible particles. A glass homogenizer (Tissue Grinder, Pyrex 7725, Thomas Scientific, Swedesboro, NJ) was used to mix in devazepide (0.5 g/ml). Each rat received 0.25 mg/kg BW, which, given alone, does not affect food intake (37) .
The peripheral opioid receptor blocker naloxone methiodide (Sigma Chemical, St. Louis, MO), was diluted in saline and used within 1 h of preparation at 1.0 mg/kg BW. Injections were given intraperitoneally in a volume of 1.0 ml.
Short-Term Food Intake
Short-term (1 h) food intake was measured in overnight-fasted rats and 30 min after control (water) and protein preloads at week 6 in experiment 1a, at weeks 6 and 7 in experiment 1b, at week 7 in experiment 2, and 30 min after water and glucose preload at week 13 after weaning in experiment 2. Before testing, rats were adapted to the experimental procedures. They were gavaged with water over 7 days before the adaptation test as follows. The animals were food-deprived for 12 h before measurement. On day 1, half of the rats were gavaged with water preload, and half were untreated. On the next day, this testing order was reversed. In experiment 1b, rats were also injected intraperitoneally with saline over 7 days before the adaptation test. The experiment began when it was determined that the processes of gavaging and injection did not affect food intake.
A randomized design was applied to examine the effect of preloads (casein, soy protein, or glucose) on short-term food intake. The effect of protein preloads was tested as follows. On day 1 and after 12 h fasting, at 2130 rats received in random order casein, soy protein, or water control preloads by gavage (3 g·kg BW Ϫ1 ·6 ml distilled water Ϫ1 ). Food was introduced at 2200, and intake was measured for 1 h. After 1 day of washout, the testing order was reversed. The same protocol was applied to test the effect of glucose preload. Food intake was measured to the nearest 0.1 g under red light during the dark cycle.
In experiment 1b, at week 6, rats (n ϭ 15 per group) in each group were allocated to five groups and randomly assigned to receive, prior to access to food, one of five treatments with 1 day of washout between treatments: 1) water control (by gavage, 6 ml) ϩ METHOCEL (vehicle for devazepide, 1 ml ip), 2) casein, 3) casein ϩ devazepide, 4) soy protein, and 5) soy protein ϩ devazepide. The design was identical when naloxone methiodide was used as the opioid receptor blocker. Devazepide (a CCK-A receptor blocker) was applied at 2125, and naloxone methiodide (a peripheral opioid receptor blocker) was applied at 0955. Preloads were given at 0930, and food was introduced at 1000 and intake was measured for 1 h.
Long-Term Food Intake
Dams and weaned rats were housed individually in ventilated plastic transparent cages with bedding. All maternal and pup diets were provided ad libitum in jars with a mesh disk insert to minimize spillage. Food intake was measured throughout weeks 1-4 after weaning in experiment 1 and for 14 wk after weaning in experiment 2.
Blood Collection
Rats were killed by decapitation after overnight food deprivation at the end of the experiments. Trunk blood was collected in chilled Vacutainer tubes containing EDTA ϩ Trasylol solution (10% blood volume). Blood samples were centrifuged within 20 min after decapitation at 3,000 g for 10 min at 4°C. Plasma was extracted and immediately stored at Ϫ80°C. Concentrations of insulin, GLP-1, PYY, ghrelin, and glucose were measured.
Hormone Assays
Total plasma PYY concentrations were measured using RIA (catalog no. RMPYY-68HK, Millipore Research, St. Charles, MO) with assay sensitivity of 15.6 pg/ml. Total plasma ghrelin concentrations were measured using RIA (catalog no. GHRT-89HK, Linco Research, St. Charles, MO) with assay sensitivity of 93 pg/ml. Plasma insulin concentrations were measured using enzyme immunoassay (catalog no. 80-INSRT-E01, Alpco Diagnostics, Salem, NH) with assay sensitivity of 0.124 ng/ml. Plasma GLP-1 concentrations were measured using ELISA (catalog no. EGLP-35K, Linco Research) with assay sensitivity of 2 pM.
RNA Extraction
As previously described (10), the brains were removed after decapitation and frozen and stored at Ϫ80°C. Upon removal from storage, the brains were thawed at Ϫ5°C. Each hypothalamus was dissected on a plastic cassette placed on top of chipped ice. For dissection of the hypothalamus, the posterior part of the optic chiasm was used as the anterior limit, the anterior part of the mammillary bodies as the posterior limit, and the lateral hypothalamic sulci as the lateral limits (12) . Each dissected hypothalamic block was homogenized in TRIzol Reagent (Invitrogen, Long Island, NY) and then incubated at 15-30°C for 5 min, and 0.12 ml of chloroform (GMD Chemicals, Gibbstown, NJ) was added. Tissue homogenization and RNA extraction were conducted according to the protocol from Invitrogen (Carlsbad, CA). Samples were incubated at 15-30°C for 3 minutes prior to centrifugation at 10,000 g for 15 min at 4°C. The aqueous phase was transferred to a fresh tube and mixed with 0.3 ml of isopropyl alcohol (Caledon Laboratories, Georgetown, ON, Canada) and incubated at 15-30°C for 10 min. After centrifugation at 10,000 g for 10 min at 4°C, the pellet was washed twice with 75% ethanol, dissolved in RNase-free water, and incubated in a water bath at 55-60°C for 10 min. Samples were placed in storage at Ϫ80°C. Then the integrity of the RNA was quantified using a UV-visible spectrophotometer (model 8453, Agilent).
RT and Real-Time PCR
RNA was reverse-transcribed into cDNA using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA) following the manufacturer's protocol. Then real-time RT-PCR (PRISM 7700 Sequence Detection System, Applied Biosystems) was used to determine mRNA levels of the hypothalamic appetite-regulatory genes POMC, leptin receptor, NPY, and AgRP. All the oligonucleotide primer and fluorogenic probe sets for 51 TaqMan real-time PCR were purchased from Applied Biosystems ( Table 2 ). GAPDH was used as an endogenous control. The quantification values for each were normalized to respective GAPDH values to calculate the relative mRNA levels of each gene.
Statistical Analysis
Data are expressed as means Ϯ SE. The effect of maternal diet on BW and food intake was analyzed by MIXED Model, with dam and pup diets and time as main factors in experiments 1 and 2. A one-way repeated-measures ANOVA with Tukey's post hoc test was conducted when treatment effects or interactions were statistically significant. Student's unpaired t-test was applied to compare the dependent measures at each time point. Food intake in response to protein preloads was analyzed using PROC MIXED Model procedure, with dam and pup diets, preload, and time as main factors. The effect of the diets and preloads on plasma hormone concentrations was also analyzed using PROC MIXED Model procedure, with dam and pup diets and preload as main factors. All analyses were conducted using SAS (version 9e, SAS Institute, Cary, NC). Statistical significance was defined at P Ͻ 0.05.
RESULTS
Experiment 1: Effect of Protein Source in the Diet of the Dams During Gestation and in the Diets Fed to the Pups on Food Intake Regulation in Male Offspring of Wistar Rats
Experiment 1a. The diet fed during gestation did not affect BW at birth (6.2 Ϯ 0.2 and 6.3 Ϯ 0.1 g for C and S diet, respectively) or at weaning (52.2 Ϯ 1.3 and 50.2 Ϯ 0.9 for C and S diet, respectively). However, offspring of dams fed the S diet were heavier at week 9 (450.3 Ϯ 5.7 vs. 427.3 Ϯ 5.3 g, P Ͻ 0.05).
Food intake at weeks 1-4 postweaning was influenced by an interaction between gestational and weaning diets (P Ͻ 0.05; Table 3 ). It was lower in pups fed the same diet fed to their mothers. At week 6, food intake (1 h) was lower after protein preloads than after water preload (P Ͻ 0.0001; Table 4 ) but was not affected by gestational diet. Decrease in food intake after protein preloads compared with after water preload was not affected by gestational diet or weaning diet or their interaction.
Plasma insulin at week 9 was influenced by protein composition of the weaning diet and preload (P Ͻ 0.0001) but not by the dams' diets (Table 5) . It was higher in rats weaned to the S diet and after soy protein preload than in rats weaned to the C diet and after water preload. It was also higher after casein than after water preload. Plasma GLP-1 was not influenced by weaning diet or dams' diet or their interaction but was affected by preload (P Ͻ 0.0001) and by the interaction of preload with weaning diet (P Ͻ 0.05; Table 5 ). Plasma GLP-1 was higher after soy protein than casein and after casein than water preload ( Table 5 ). Plasma concentrations of PYY were not influenced by diets or preloads (Table 5 ). Plasma ghrelin was reduced by protein preloads compared with water preload (P Ͻ 0.0001) but was not affected by dams' or weaning diet (Table 5) .
Experiment 1b. CCK-A RECEPTOR BLOCKER. Food intake (1 h) in response to protein preloads was influenced by dams' diet (P Ͻ 0.05) and preload (P Ͻ 0.0001) at week 6. It was reduced more in rats born to the S diet-fed dams and after protein preloads than after water preload (Table 6 ). Neither the dams' diet nor preloads influenced the magnitude of food intake reduction after protein preloads (food intake after water preload Ϫ food intake after protein preload). The effect of devazepide (a CCK-A receptor blocker) on food intake in response to protein preloads was influenced by the dams' diet (P Ͻ 0.005). Devazepide blocked food intake reduction after protein preloads more in rats born to the dams fed the C diet than in those born to dams fed the S diet.
PERIPHERAL OPIOID RECEPTOR BLOCKER. Food intake (1 h) was influenced by preload composition (P Ͻ 0.0001; Table 6 ). It was lower after soy protein and casein preloads than after water preload. The magnitude of food intake reduction after protein preloads was not influenced by maternal diet or preload. However, the effect of naloxone methiodide (a peripheral opioid receptor blocker) on food intake in response to protein preloads was influenced by preload (P Ͻ 0.01). Naloxone blocked food intake reduction after casein preload to a greater extent than after soy protein preload in offspring of dams fed C and S diets (Table 6 ).
Experiment 2: Effect of Protein Source in Dams' (Gestation and Lactation) and Pups' Diets on Food Intake Regulation in Offspring and in Dams of Wistar Rats
Protein source in the maternal diets had no effect on BW at birth (6.3 Ϯ 0.1 and 6.4 Ϯ 0.1 g for C and S diet, respectively) or at weaning (62.2 Ϯ 2.1 and 56.3 Ϯ 3.2 g for C and S diet, respectively). However, offspring of dams fed the S diet were 11% heavier at week 15 (576.2 Ϯ 10.0 vs. 615.3 Ϯ 8.8 g, P Ͻ 0.005).
Maternal diet had no effect on plasma insulin in the fetus at day 20 or in pups at birth (P ϭ 0.08), but at weaning plasma insulin was higher in offspring of dams fed the S diet (Table 7) . Maternal diet had no effect on hypothalamic mRNA expression of leptin receptor, POMC, NPY, or AgRP at birth, but mRNA expression of AgRP at weaning was higher in offspring of dams fed the S diet (P Ͻ 0.05; Fig. 1 ). The mRNA expression of GAPDH was not influenced by the diet at any measured time (data not shown).
Food intake was affected by maternal diet and time and by their interaction (all P Ͻ 0.0001; Fig. 2 ). It was higher in offspring of S diet-fed dams throughout weeks 4 -11. At week 7, food intake (1 h) was influenced by maternal diet (P Ͻ 0.005) and preload (P Ͻ 0.0005) and also by an interaction of maternal with weaning diet (P Ͻ 0.001; Table 8 ). It was lower in offspring of C diet-fed dams and also was lower in offspring that received the same diet fed to their mothers. Food intake (1 h) was also lower after protein preloads than after the water preload control (P Ͻ 0.0005). The magnitude of food intake reduction after protein preloads (decrease in food intake after protein preloads compared with after water preload) was influenced by the dams' diet (P Ͻ 0.05). The effect of protein preloads on food intake was stronger in rats born to the dams fed the C diet.
At week 13, food intake (1 h) was influenced by the dams' (P Ͻ 0.0005) and weaning (P Ͻ 0.001) diets and by preloads (P Ͻ 0.0001; Table 9 ). It was higher in offspring of the S diet-fed dams and in offspring weaned to the S diet. Food Values (means Ϯ SE) are expressed in g; n ϭ 11-12 per group. Casein (3 g/kg body wt) and isolated soy protein (3 g/kg body wt) were given by gavage 30 min before food was introduced. Distilled water (6 ml) was used for water (control). Water Ϫ protein was calculated as food intake after water preload Ϫ food intake after protein preload. Data were analyzed by MIXED Model, with dams' diet, weaning diet, preload, and time as main factors. *Significant food intake suppression: P Ͻ 0.05. †P ϭ 0.08. Values are means Ϯ SE; n ϭ 6 per group. GLP-1, glucagon-like peptide-1. Casein (3 g/kg body wt) and isolated soy protein (3 g/kg body wt) were given by gavage 30 min before blood withdrawal. Data were analyzed by MIXED Model followed by Tukey's post hoc test, with dams' and weaning diets and preloads as main factors. Values in a column in each diet group with different superscript letters (a,b c) are significantly different, P Ͻ 0.05. intake reduction after glucose preload (decrease in food intake after glucose compared with after water preload) was influenced by the dams' diet (P Ͻ 0.05; Table 9 ) and was lower in offspring of dams fed the S diet.
At week 15, plasma insulin was higher in rats born to dams fed the S diet (P Ͻ 0.05; Table 10 ). The effect of preload on plasma insulin approached statistical significance and was higher after protein preloads than after water preload (P ϭ 0.06). Plasma concentrations of GLP-1 were increased by the protein preloads (P Ͻ 0.05) and more so if the rats were born to dams fed the S diet (P Ͻ 0.05; Table 10 ). Neither maternal nor weaning diet affected plasma concentrations of PYY in response to preloads (Table 10 ). Plasma ghrelin in response to preloads was higher in rats born to dams fed the S diet (P Ͻ 0.01) and, also, after water preload than protein preloads (P Ͻ 0.05; Table 10 ).
DISCUSSION
The results of these experiments support the hypothesis that the composition of protein in nutritionally adequate diets consumed during gestation and lactation influences food intake regulation in the offspring. Food intake and BW were increased in offspring of dams fed the S diet during gestation and lactation compared with offspring of C diet-fed dams. In addition, decreased response to glucose preloads, higher insulin at weaning and week 15 postweaning, higher mRNA expression of AgRP at weaning, and higher insulin, GLP-1, and ghrelin 30 min after protein preloads characterized the off- Values (means Ϯ SE) are expressed in g; n ϭ 10 -12 per group. Casein (3 g/kg body wt) and isolated soy protein (3 g/kg body wt) were given by gavage 30 min before food was introduced. Distilled water (6 ml) was used for water (control). Devazepide (a CCK-A receptor blocker) was injected (2.5 mg/kg body wt ip) 35 min before food was introduced. Naloxone (an opioid receptor blocker) was injected (1.0 mg/kg body wt ip) 5 min before food was introduced. Water Ϫ protein was calculated as food intake after water preload Ϫ food intake after protein preload. (Protein ϩ receptor blocker) Ϫ protein was calculated as food intake after coadministration of preload and receptor blocker Ϫ food intake after preload. Data were analyzed by MIXED Model, with diet, preload, and time as main factors. *Significant food intake suppression: P Ͻ 0.05. spring of S diet-fed dams. In addition, the PAR hypothesis was not supported. Rats born to dams fed the S diet but fed the C diet at weaning were less adversely affected than those maintained on the S diet.
Higher food intake and BW in offspring of dams fed the S diet may be attributed to the effect of the S diet on the development of the intake regulatory system for several reasons. First, the development of insulin resistance as shown by higher plasma insulin concentrations at day 20 of gestation and at birth in offspring of dams fed the S diet would be expected to influence development of the intake regulatory system. Higher concentrations of insulin within the immature hypothalamus have been associated with greater food intake and BW in rats (9, 35) .
Second, mRNA expressions of AgRP in the hypothalamus and plasma concentrations of ghrelin were higher in offspring of dams fed the S diet. Ghrelin and AgRP are orexigenic (17) . Ghrelin stimulates feeding through activation of NPY/AgRP in the hypothalamus in rats (17) . Furthermore, it may be that differences in amino acid composition of soy protein and casein accounted for the increase in AgRP mRNA expression in the offspring of dams fed the S diet. Rats fed a low-protein (10% of calories) diet exhibited increased food intake and hypothalamic AgRP mRNA expression. In vitro, hypothalamic cells reduce AgRP mRNA expression in response to increased amino acid concentration (27) .
Third, the stronger blocking effect of devazepide (a CCK-A receptor blocker) on food intake reduction after protein preloads in rats born to the dams fed the C diet indicates that the central and peripheral intake regulatory systems were altered by source of protein in the dams' diet. CCK-A receptors are mainly located in the GI tract and mediate the short-term satiety effect of proteins (47) , and the stronger blocking effect of devazepide in offspring of dams fed the C diet demonstrates that more of the satiety effect of protein preloads was mediated through CCK-A receptors.
Fourth, long-term food intake and 1-h food intake in response to preloads were influenced by the dams' diet. Food intake over the study period was higher and short-term food intake was less responsive to preloads in offspring of dams fed the S diet, indicating that short-and long-term intake regulatory systems were affected by the dams' diet.
The current study also showed that postnatal environment prior to weaning affected the expression of the effect of source of protein in the dams' diet. The effect on the increase in food intake, BW, and plasma concentrations of insulin and GLP-1 in the offspring was exaggerated when the S diet was fed during gestation and lactation (experiment 2) compared with the Values (means Ϯ SE) are expressed in g; n ϭ 11-12 per group. Protein preloads (3 g/kg body wt) were given by gavage 30 min before food was introduced. Distilled water (6 ml) was used for water (control). Water Ϫ protein was calculated as food intake after water preload Ϫ food intake after protein preload. Food intake was analyzed by MIXED Model followed by Tukey's post hoc test, with maternal diet, weaning diet, and preload as main factors. Values in a row with different superscript letters (a,b) are significantly different, P Ͻ 0.05. *Significant food intake suppression: P Ͻ 0.05. †P ϭ 0.07. situation when the S diet was fed only during gestation. In addition, while mRNA expression of intake regulatory genes was not altered at birth, mRNA expression of AgRP was higher at weaning in offspring of dams fed the S diet (Fig. 1) , consistent with continuing development of neuronal circuitry until 16 days after birth in rodents (5, 15, 16) . Fasting concentrations of insulin were affected by the weaning diet in experiment 1, when the diets were fed to the dams only during gestation, and were higher in offspring weaned to the S diets. Similarly, fasting concentrations of PYY were influenced by weaning diet in experiment 1: they were higher in offspring weaned to the C diet. Conversely, extending the dams' diet throughout lactation (experiment 2) abolished the effect of the weaning diets in experiment 1 on higher fasting insulin and PYY concentrations and the interaction between the dams' and weaning diets in influencing the food intake reduction after protein preloads. Possibly the latter is explained by exposure of the pups to the diet, as rats start to eat a solid diet by postnatal day 15 (22) . Previous studies have shown that the protein composition of diets fed to rats at postnatal day 17 affects food selection behavior (24) .
Rats at weaning were fed the C or S diet in experiments 1a and 2 as a test of the PAR hypothesis, which states that offspring weaned to diets similar to those fed to their mothers will adapt more appropriately to their postnatal environment than offspring fed an unmatched diet (14) . However, our observations in the current study do not support the PAR hypothesis and show that the weaning diet had little influence on the effects of the dam's diets. In experiment 1a, the weaning diet had no effect on cumulative 4-wk food intake (Table 3) or 1-h food intake in response to protein preloads (Table 4) or on response of insulin, ghrelin, GLP-1, or PYY to protein preloads (Table 5 ). In experiment 2, neither cumulative 14-wk food intake ( Fig. 2 ) nor 1-h food intake in response to protein preloads at week 7 (Table 8) or glucose preloads at week 13 (Table 9) were influenced by the protein composition of the weaning diet. Similarly, at week 15 (Table 10) , higher insulin, GLP-1, and ghrelin following protein preloads characterized the offspring of the S diet-fed dams, and this response was not affected by the composition of the weaning diet.
The results of the present study cannot be explained by stress responses of the dams or pups. 1) There were no group differences due to diet in litter size or birth weight of the offspring or in BW of dams at arrival or at day 14 or 20 of gestation. 2) As reported previously, no difference was found in fasting corticosterone level (ng/ml) in dams at day 14 (192 Ϯ 28 and 228 Ϯ 47) or day 20 (340 Ϯ 34 and 388 Ϯ 45) of gestation or at week 6 after weaning (213 Ϯ 16 and 239 Ϯ 33) or in pups Values (means Ϯ SE) are expressed in g; n ϭ 11-12 per group. Glucose preload (5 g/kg body wt) was given by gavage (0.375 g/ml); water preload was given in the same volume as glucose preload. Water Ϫ glucose was calculated as food intake after water preload Ϫ food intake after glucose preload. Food intake was analyzed by MIXED Model, with maternal diet, weaning diet, and preload as main factors. Values in a row with different superscript letters (a,b) are significantly different, P Ͻ 0.05. *Significant food intake suppression: P Ͻ 0.05. Values are means Ϯ SE; n ϭ 6 per group. Casein (3 g/kg body wt) and isolated soy protein (3 g/kg body wt) were given by gavage 30 min before blood withdrawal. Data were analyzed by MIXED Model followed by Tukey's post hoc test, with dams' and weaning diets and preload as main factors.
at weaning (299 Ϯ 29 and 352 Ϯ 60) (unpublished observations).
However, there are limiting factors in this study that make it difficult to compare the effect of gestational diet in experiment 1 and extended dams' diet in experiment 2. 1) Hormone measurements were conducted at different stages of life (during maturation at week 9 in experiment 1 vs. after maturation at week 15 in experiment 2). 2) Food intake was measured only for 4 wk in experiment 1, while it was measured for 14 wk after weaning in experiment 2.
The mechanisms by which protein source in the diet fed during gestation and lactation influences food intake regulation in offspring remain to be investigated. However, the differences in characteristics of casein and soy protein, including amino acid composition, bioactive peptides (BAPs), and digestion kinetics may play a role. Arginine, one of the most potent insulinotropic amino acids (13, 18, 43) , which is almost twofold higher in soy protein than casein, may have contributed to higher in utero insulin exposure of offspring of dams fed the S diet. Proline, which is twofold higher in casein than soy protein, can influence glucose metabolism by stimulating glucose uptake in tissues (4). Moreover, proline-rich BAPs are more resistant to digestion, which is essential for their further physiological functions (31) . Furthermore, many BAPs have been identified in casein and soy protein, and these BAPs are known to affect release of peptide hormones in the GI tract (11, 29, 30, 42) and to be absorbed and present in blood (38) . The digestion kinetics of proteins also influence their metabolic activities (3) and brain amino acid concentrations and neural activity (24) . Furthermore, increased homocysteine concentrations have been observed at weaning in offspring of S diet-fed dams (unpublished observations). Homocysteine concentrations in plasma have been related to hypomethylation of DNA (21) and disturbed key events in organogenesis and embryonic vasculogenesis (44) .
In conclusion, nutritionally complete diets based on casein and soy protein consumed during gestation and lactation differ in their effects on BW and food intake regulation in the offspring. The increased BW of pups born to dams fed the S diets is associated with alteration in the food intake regulatory system that favors increased food intake. Extending the diet from gestation alone to throughout gestation and lactation exaggerated these effects of the S diet. However, the postweaning diet had little influence on the effects of the dams' diets.
Perspectives and Significance
This observation that diets routinely used in animal studies and believed to be nutritionally equal lead to different physiological outcomes is of particular significance, because the majority of animal studies aimed at understanding the effects of maternal diets on development are based on diets that induce undernutrition. In contrast, this study shows that food intake regulation in the offspring differs among "normal" diets often used for maintenance of rodent dams during gestation and lactation. Clearly, even though test diets are judged to be nutritionally complete, protein source and many other aspects of test diets fed during gestation and lactation in animal models of development could explain variance in outcomes among studies. The diets used in the present study were chosen, because soy protein and casein are prevalent in the human diet and are the foundation for two recommended diets for rodent studies. Although the relevance of these results to humans is uncertain, because human diets during gestation contain many mixed protein sources, infants may be a vulnerable group. Infants are weaned to formulas that contain a constant source of protein (e.g., whey-casein mixtures, soy protein) or their hydrolysates, with or without amino acid additions, during early life. However, the effects of the protein and amino acid composition of infant formula on food intake regulatory systems and later life outcomes remain to be determined.
